Input-specific long-term potentiation (LTP) in afferent inputs to the amygdala serves an essential function in the acquisition of fear memory. Factors underlying input specificity of synaptic modifications implicated in information transfer in fear conditioning pathways remain unclear. Here we show that the strength of naive synapses in two auditory inputs converging on a single neuron in the lateral nucleus of the amygdala (LA) is only modified when a postsynaptic action potential closely follows a synaptic response. The stronger inhibitory drive in thalamic pathway, as compared with cortical input, hampers the induction of LTP at thalamo-amygdala synapses, contributing to the spatial specificity of LTP in convergent inputs. These results indicate that spike timing-dependent synaptic plasticity in afferent projections to the LA is both temporarily and spatially asymmetric, thus providing a mechanism for the conditioned stimulus discrimination during fear behavior.
Introduction
Fear conditioning is an experimental model of associative learning that is instrumental to our understanding of how sensory stimuli are encoded and retained as a memory of behavioral experiences (LeDoux, 2000; Davis and Whalen, 2001; Maren and Quirk, 2004; Fanselow and Poulos, 2005) . During this form of learning, an innocuous conditioned stimulus (CS) becomes biologically meaningful as a result of its temporal association with an aversive unconditioned stimulus (US) (e.g., an electric footshock). When the CS-US association is learned, the CS alone triggers fear responses. Initially neutral cues of any sensory modality, such as sound, light, smell, or touch could become the CS after a few pairings with the US during behavioral training (Maren, 2001 ). The amygdala complex, which is composed of several subcortical nuclei, provides the neural substrate for the CS-US association during fear conditioning (LeDoux, 2000; Goosens et al., 2003) . Anatomical and functional studies have identified the lateral nucleus of the amygdala (LA) as a site where the signals encoding the CS and US converge (Pitkanen et al., 1997; LeDoux, 2000) .
Auditory fear conditioning is particularly well-characterized, both in respect to the implicated neural circuitry and underlying cellular mechanisms (Maren and Quirk, 2004) . During this form of learning, information about the characteristics of the CS (audible sound) is delivered to the LA via two different routes: (1) a direct input to the LA, originating in the auditory thalamus, and (2) an indirect pathway extending from the auditory cortex (LeDoux, 2000; Maren, 2001) . It has been recently demonstrated that fear conditioning is associated with persistent synaptic enhancements in auditory inputs to the LA (McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997) . Both associative long-term potentiation (LTP) in the LA and fear conditioning demonstrate an identical sensitivity to stimulus contingency, indicating that they might be governed by similar mechanisms (Bauer et al., 2001) . Moreover, behavioral training induces LTP-like enhancements of synaptic transmission in cortico-amygdala pathway that both mimic and occlude LTP in slices induced with electrical stimulation, thus providing evidence that LTP in auditory inputs to the LA and fear learning are causally linked .
Experimental animals that are conditioned to fear specific cues can discriminate between conditioned stimuli of distinct modalities and show no signs of generalization of conditioned responses (Campeau and Davis, 1995) . As LTP is a likely cellular mechanism of fear learning, input specificity of LTP in afferent inputs to the LA, observed under physiological conditions (Doyere et al., 2003; Tsvetkov et al., 2004) , could contribute to the stimulus discrimination after the CS-US association is formed. It remains unclear, however, how the information that is contained in the specific afferent input activity could be specifically encoded and preserved during fear learning. We addressed this issue experimentally by studying the properties of spike timing-dependent plasticity (STDP) at two independent inputs, thalamoamygdala and cortico-amygdala pathways, which relay information about different characteristics of the CS to the LA during auditory fear conditioning (LeDoux, 2000) . STDP at central synapses can be induced by precise temporal associations between presynaptic input and postsynaptic action potentials (APs) (Bauer et al., 2001; Bi and Poo, 2001; Sjostrom et al., 2001; Feldman, 2000; Bi and Rubin, 2005) . Learning rules based on this recently discovered form of synaptic plasticity drew significant attention due to their apparent computational value (Karmarkar et al., 2002) .
We found that synaptic modifications in convergent cortical and thalamic inputs in the LA demonstrate temporal and spatial specificity. The observed spatiotemporal asymmetry of synaptic plasticity in afferent inputs to the LA could contribute to the encoding of the information about the particular CS and thus contribute to CS recognition during retrieval of the conditioned response.
Results
Spike Timing-Dependent LTP in the Cortical and Thalamic Inputs to the LA To explore how spatial specificity of the information flow might be determined in fear conditioning pathways, we *Correspondence: vadimb@mclean.harvard.edu investigated the rules that govern spike timing-dependent LTP in two inputs implicated in the acquisition of fear to auditory stimulation and converging on the same principal neuron in the LA. We recorded glutamatergic excitatory postsynaptic potentials (EPSPs) in neurons in the LA in current-clamp mode at the corticoamygdala or thalamo-amygdala synapses Shumyatsky et al., 2005) . As we have previously demonstrated, these convergent inputs to the LA can be reliably separated with our stimulation technique, resulting in activation of independent sets of synapses (Tsvetkov et al., 2004) .
Pairing of 80 presynaptic pulses, delivered to the fibers in either the external capsule (cortical input, Figure 1A ; also see Figure S1A in the Supplemental Data) or the internal capsule (thalamic input, Figure 1E ) at a 2 Hz frequency, with APs evoked in the postsynaptic cell with a 4-8 ms delay from the onset of each EPSP by short depolarizing current injections through the recording electrode (Humeau et al., 2005; Shumyatsky et al., 2005) , led to substantial LTP in both pathways, when g-aminobutyric acid A receptors (GABA A R) were blocked with a specific antagonist, picrotoxin (PTX) (100 mM, Figures 1B and 1D; Figures 1F and 1H) . Forty minutes after the induction, the EPSP in the cortical input was potentiated to 155% 6 9% (n = 12) of its pre-LTP amplitude (t test, p < 0.01 versus baseline). In thalamic pathway, the EPSP was potentiated to 142% 6 5% (n = 6; t test, p < 0.01 versus baseline) of the initial value. The difference in the magnitude of LTP between cortico-amygdala and thalamo-amygdala synapses with GABA A R-mediated inhibition blocked was not statistically significant (t test, p = 0.39).
We next characterized the requirements for the induction of spike timing-dependent LTP in both cortical and thalamic inputs to the LA. Similar to the conventional rate-and voltage-dependent LTP in the amygdala (Huang and Kandel, 1998; Weisskopf et al., 1999; Tsvetkov et al., 2002) , spike timing-dependent LTP in corticoamygdala and thalamo-amygdala pathways required postsynaptic Ca 2+ influx and was prevented in either input by the inclusion of a high concentration of the Ca 2+ chelator BAPTA (10 mM) in the recording pipette solution. This experimental intervention is known to both decrease resting intracellular Ca 2+ concentration and effectively block postsynaptic Ca 2+ transients in response to stimulation (Bolshakov and Siegelbaum, 1994) . Under these conditions, the EPSP remained at 101% 6 4% (n = 4; p = 0.46 versus the baseline amplitude; significantly different from control LTP, p < 0.003) and 113% 6 7% (n = 10; p = 0.61 versus the baseline amplitude; significantly different from control LTP, p < 0.02) of its initial value in cortical ( Figures 1C and 1D ) and thalamic ( Figures 1G and 1H ) inputs, respectively, when measured 35-40 min after the delivery of the LTPinducing stimulation.
With this induction protocol, LTP was also completely blocked by the N-methyl-D-aspartate receptor (NMDAR) antagonist D-2-amino-5-phosphonopentanoic acid (D-APV, 50 mM), either in cortical or thalamic input. When assessed 35-40 min after the LTP-inducing stimulation, the EPSP amplitude was 99% 6 12% (n = 4; p = 0.7 versus the baseline; significantly different from control LTP, p < 0.01) and 104% 6 13% (n = 6; p = 0.74 versus the baseline; significantly different from control LTP, p < 0.03) of the initial value in cortical (Figures 1C and 1D) and thalamic ( Figures 1G and 1H ) inputs, respectively. It does not rule out, however, the possibility that calcium influx through voltage-gated calcium channels may also contribute to the induction process under certain conditions (Weisskopf et al., 1999; Tsvetkov et al., 2002) . Consistent with the role of NMDARs in LTP induction (Bauer et al., 2002) , we found that spike triggering in the absence of synaptic activation did not result in LTP in either pathway, with the cortico-amygdala EPSP remaining at 102% 6 2% of the preinduction response (n = 3; not significantly different from the baseline EPSP, t test, p = 0.38), while the thalamo-amygdala EPSP was 104% 6 10% of the initial amplitude (n = 4; not significantly different from the baseline EPSP, t test, p = 0.73), indicating the need for glutamate release in the induction process. Thus, it appears that similar cellular mechanisms are implicated in the induction of spike timing-dependent LTP at convergent cortical and thalamic inputs to the LA.
LTP Induction in Cortical and Thalamic Inputs to the LA Is under Differential Inhibitory Control
Recent findings indicate that the susceptibility of glutamatergic synapses in the LA to LTP is tightly controlled by GABA-mediated inhibition of the principal neurons (Shumyatsky et al., 2002; Bissiere et al., 2003) . Therefore, we examined LTP at the cortico-amygdala or thalamo-amygdala synapses without the GABA A R antagonist PTX in the bath solution. Consistent with a previous report (Bissiere et al., 2003) , we found that when GABA A R-mediated inhibition was intact, the EPSP-spike induction protocol failed to induce LTP in thalamo-amygdala pathway. Forty minutes after the induction, the thalamo-amygdala EPSP remained at 103% 6 6% (n = 5) of the initial value ( Figures 1F and  1H , not significantly different from the baseline EPSP amplitude, t test, p = 0.69). Surprisingly, LTP in cortical input was diminished (p < 0.03 versus LTP magnitude when GABA A Rs were blocked), but could still be observed, with the EPSP potentiated to 126% 6 6% (n = 9) of the initial value ( Figures 1B and 1D , significantly different from the baseline EPSP amplitude, t test, p < 0.01). The observed effect of the GABA A R antagonist on LTP implies a differential (input-specific) inhibitory control of the induction mechanisms in two convergent inputs in the LA.
Time Window for the Induction of Spike Timing-Dependent Plasticity in the LA Is Narrow and Asymmetric To characterize temporal characteristics of STDP in the LA, we varied the interval between the stimulus-induced EPSP and the peak of the AP triggered in the LA neuron (Bi and Poo, 2001) , thus extending the LTP experiments described above (see Figure 1 ). In agreement with previous studies, we found that the time window for LTP induction in the LA with the EPSP-AP protocol was very narrow, as the pairing of presynaptic stimulation with postsynaptic action potentials evoked with delays longer than 10 ms did not induce LTP in either pathway (Figures 2A-2D ). As shown in Figure 2B , the temporal window for LTP induction with the EPSP-AP pairing protocol (the EPSP preceding the spike) in cortico-amygdala pathway did not depend on GABA A R-mediated inhibition. With inhibition blocked, the EPSP-AP timing requirements in thalamic input were identical to those observed at cortical pathway. However, no significant LTP was observed at thalamo-amygdala synapses when inhibition was intact (no PTX), with the EPSP-AP intervals ranging from w0 to w30 ms ( Figure 2D ).
We further studied the principles that underlie SDTP in the LA by reversing the temporal order of the pre-and postsynaptic activation. The repetitive AP-EPSP pairing (the AP preceding the EPSP) has previously been shown to produce long-term depression (LTD) of glutamatergic responses at several different synapses (Bi and Poo, 2001; Wang et al., 2005) . Surprisingly, in our experiments, triggering postsynaptic spikes before EPSPs did not result in LTD at naive synapses in either thalamic or cortical input to the LA. LTD was absent with intact inhibition as well as under conditions when inhibition was blocked, regardless of the interpulse interval in the AP-EPSP pair (Figures 2A-2D) .
Thus, 35 min after the pairing procedure, with the AP-EPSP intervals ranging from w0 to w30 ms, the EPSP in cortical input remained at 105% 6 3% (n = 12) and 104% 6 3% (n = 12) of the baseline amplitude in the presence of PTX (blocked inhibition, Figure 2E , closed symbols; not significantly different from the baseline EPSP, t test, p = 0.12) or in the absence of PTX (intact inhibition, Figure 2E , open symbols; not significantly different from the baseline EPSP, t test, p = 0.25), respectively. In thalamic pathway, the EPSP remained at 106% 6 5% (n = 9) and 104% 6 4% (n = 11) of the initial value in the presence ( Figure 2F , closed symbols; not significantly different from the baseline EPSP, t test, p = 0.1) or absence ( Figure 2F , open symbols; not significantly different from the baseline EPSP, t test, p = 0.19) of PTX, respectively. To test whether susceptibility of the studied synapses to spike timingdependent LTD depends on the frequency of plasticity-inducing stimulation, we varied the frequency at which the AP-EPSP pairs were evoked in both convergent inputs. Repetitive AP-EPSP pairing, with the AP preceding the EPSP by 5-15 ms, did not result in significant LTD at any of the frequencies tested (0.2 Hz, 0.5 Hz, 1 Hz, or 2 Hz) in either cortical or thalamic pathway ( Figure 2G ; p > 0.05 for each point in the graph, not significantly different from the baseline EPSP). Thus, synapses in afferent inputs to the LA are only modified when postsynaptic AP follows the EPSP with a short delay.
Cortical and Thalamic Inputs Do Not Differ in Quantal Parameters of Glutamatergic Synaptic Transmission
Input-specific differences in spike timing-dependent LTP between convergent pathways, which were observed when GABA A R-mediated inhibition was intact, could be explained by the induction mechanisms' differential (pathway-specific) sensitivity to the identical levels of inhibitory control. According to this notion, detectable distinctions in parameters of glutamatergic synaptic transmission should exist between cortical and thalamic inputs.
To directly compare the parameters of synaptic transmission between cortical and thalamic inputs, we first tested the rate of blockade of the whole-cell NMDAR excitatory postsynaptic current (EPSC) by an irreversible blocker of the NMDARs, MK-801 (40 mM; Huettner and Bean, 1988) . In the presence of MK-801, the rate with which the NMDAR EPSC declines in the course of repetitive presynaptic stimulation is positively correlated with the basal probability of release (Pr) (Hessler et al., 1993) . We recorded whole-cell NMDAR EPSCs in the presence of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 mM) at a holding potential of 240 mV to relieve the Mg 2+ block of NMDAR channels ( Figures 3A and 3B ). When MK-801 blocking rates were estimated in both convergent pathways, there was no difference between cortical and thalamic inputs to the LA ( Figure 3C ; cortical input, n = 9; thalamic input, n = 9; no significant difference, ANOVA, p = 0.74).
Second, we obtained quantal size estimates in both cortical and thalamic inputs by measuring the amplitude of asynchronously released single quanta of glutamate when strontium (Sr 2+ ) was substituted for extracellular Ca 2+ (Oliet et al., 1996) . Under these conditions, the synchronous component of evoked neurotransmitter release is significantly diminished while asynchronous release is enhanced and can be observed for hundreds of milliseconds after the presynaptic stimulus (Xu-Friedman and Regehr, 2000; Figures 3D and 3E) . This allowed us to analyze quantal events originating from the specific synaptic inputs. Using this approach, we found that quantal size was very similar in the two convergent pathways. The mean amplitude of asynchronous quantal events recorded in the presence of Sr 2+ was 15.1 6 1.2 pA (n = 10) and 14.9 6 0.9 pA (n = 12) in cortical and thalamic inputs, respectively (Figures 3F and 3G; no significant difference between the two inputs, t test, p = 0.92). These data indicate that cortico-amygdala and thalamo-amygdala synapses do not differ in either their basal Pr or quantal amplitude.
Spatiotemporal Specificity of Spike Timing-Dependent Plasticity in the LA Is Not Mediated by Different NMDAR Subtypes As the induction of spike timing-dependent LTP in the LA requires postsynaptic Ca 2+ influx through NMDARs (see above), we asked whether distinct NMDAR subtypes could make differential contributions to the induction of synaptic plasticity in afferent inputs to the LA (see Liu et al., 2004) .
Using whole-cell voltage-clamp recordings from pyramidal neurons, we confirmed that both NR2A and NR2B subunit-containing NMDARs are functionally expressed at cortico-amygdala and thalamo-amygdala synapses (Lopez de Armenia and Sah, 2003; Figure 4) . Addition of the selective NR2B antagonist ifenprodil (10 mM) or the NR2A antagonist NVP-AAM077 (0.5 mM; Liu et al., 2004) to the external solution produced progressive decreases in the amplitude of the isolated NMDAR EPSC recorded at a holding potential of +50 mV in the presence of CNQX in either cortical or thalamic pathway ( Figures 4A and 4D ). The degree of inhibition was very similar at both convergent inputs, as ifenprodil reduced the magnitude of the NMDAR EPSC by 25.1% 6 2% (n = 5) and 22.6% 6 6% (n = 5) of its baseline value in cortical and thalamic inputs, respectively (Figures 4B and 4C ; no significant difference between inputs, t test, p = 0.71). In the presence of the NR2A antagonist NVP-AAM077, the NMDAR EPSC was reduced by 72.2% 6 2% (n = 8) and 65.5% 6 5% (n = 7) of its baseline value in cortical and thalamic inputs, respectively (Figures 4E and 4F; no significant difference between inputs, t test, p = 0.24).
Despite the fact that NMDAR responses were largely mediated by the NR2A-containing receptors, the blockade of NR2B subunit abolished spike timing-dependent LTP in both inputs to the LA, while NR2A antagonist had no effect: in the presence of ifenprodil (10 mM, NR2B antagonist), 35-40 min after the LTP-inducing stimulation, the EPSP remained at 105.4% 6 8% (n = 9; p = 0.48 versus the baseline amplitude; significantly different from control LTP as shown in Figure 5A , p < 0.02) and 107.7% 6 16% (n = 5; p = 0.85 versus the baseline amplitude; significantly different from control LTP as shown in Figure 5D , p < 0.04) of its initial value in cortical (Figures 5B and 5C) and thalamic ( Figures 5E and 5F ) inputs, respectively. With the NR2A antagonist NVP-AAM077 in the bath solution, the EPSP was potentiated to 128.9% 6 12% (n = 6, p < 0.05 versus the baseline amplitude) and 141.1% 6 8% (n = 6, p < 0.02 versus the baseline amplitude) in cortical inputs (Figures 5B and 5C ; not significantly different from control LTP, t test, p = 0.47) and thalamic inputs (Figures 5E and 5F ; not significantly different from control LTP, t test, p = 0.85), respectively.
It has been recently demonstrated that NVP-AAM077, at a concentration used in our study, nearly completely blocked NR2A-containing receptors, while a significant fraction of the current mediated by NR2B-containing receptors still remained intact (Neyton and Paoletti, 2006) . We found that despite an approximately 70% block of the integral NMDAR current, NVP-AAM077 (500 nM) had no effect on spike timing-dependent LTP at amygdala synapses. The remaining NR1/NR2B receptor-mediated current, though partially blocked by NVP-AAM077, apparently is sufficient to support LTP induction. Based on this observation, we can exclude the role of NR2A-containing receptors in the induction process.
These results suggest that subunit composition of synaptic NMDARs in cortical input is not different from that in thalamic pathway, and that activation of synaptic NR2B-containing NMDARs accounts for the induction of spike timing-dependent LTP at both convergent pathways.
Stronger Excitatory Drive onto Interneurons Mediates Enhanced Inhibition in Thalamic Input
The finding that spike timing-dependent LTP in thalamoamygdala pathway, as opposed to cortical input, could not be induced under conditions of intact GABA A Rmediated inhibition, while both inputs were apparently identical in respect to the parameters of glutamatergic synaptic transmission, suggests that the convergent inputs might differ in their inhibition of principal neurons. To address this possibility, we recorded evoked EPSP/ inhibitory postsynaptic potential (IPSP) sequences in pyramidal cells (as evidenced by accommodating firing patterns; Figure 6A ) under current-clamp conditions, with the stimulating electrodes placed to stimulate either cortical or thalamic input. As both principal neurons and local circuit interneurons in the LA receive glutamatergic inputs via fibers in either the external capsule (cortical pathway) or the internal capsule (thalamic pathway) ( Figure 6D ; Mahanty and Sah, 1998; Szinyei et al., 2000) , stimulation of both inputs resulted in the appearance of biphasic synaptic responses in principal cells, which consisted of the initial AMPAR-mediated EPSP followed by the PTX-sensitive GABA A R-mediated IPSP Figure 6B ). The recorded neuron was depolarized by current injection through the recording electrode from a normal resting potential to 255 mV to increase the IPSP amplitude. The EPSP/IPSP sequence was blocked by the AMPAR antagonist CNQX (20 mM, Figure 6C ). This confirms the disynaptic origin of the PTX-sensitive IPSP recorded in these inputs, which provides feedforward inhibition of principal neurons. The possible contribution of feedback inhibition to the disynaptic IPSP was minimized by using a relatively low intensity of presynaptic stimulation that did not lead to postsynaptic spike firing. The inputs did not differ in the voltage dependence of the IPSPs that were recorded over a wide range of membrane potentials, and reversal potential of the GABA A R-mediated disynaptic IPSP was similar in both convergent inputs ( Figures 6E and 6F) .
To compare synaptic efficacy of inhibition in cortical input to that in thalamic pathway, the EPSP/IPSP sequences were elicited with increasing stimulation intensities in both inputs to the same neuron. The analysis of input-output curves for both monosynaptic glutamatergic EPSP and disynaptic GABAergic IPSP recorded in convergent inputs revealed that feedforward inhibition is enhanced in thalamic pathway when compared with cortical input (n = 9; ANOVA, p < 0.001; Figures 7A and 7B), while AMPAR EPSPs were not significantly different (ANOVA, p = 0.32).
What is the mechanism that could explain spatial asymmetry of inhibition in fear conditioning pathways? We found that the paired pulse ratio (PPR) of the GABA A R inhibitory postsynaptic currents (IPSCs) was not different between cortical and thalamic inputs to the LA. Disynaptic GABA A R IPSCs were recorded in voltage-clamp mode with the cesium-based intrapipette solution at a holding potential of 0 mV. The initial component of the biphasic synaptic current, representing the monosynaptic AMPAR EPSC, did not make any detectable contribution to the evoked response under these conditions, as it was completely blocked by PTX (50 mM, Figures 7C and 7D ). PPR at a 70 ms interval in cortical input was 1.05 6 0.04 (n = 17) compared with 0.98 6 0.04 (n = 15) in thalamic input (Figures 7E and  7F ; no significant difference, t test, p = 0.17). Since PPR is a measure of presynaptic function, this finding indicates that the properties of GABA release were similar at both convergent pathways. Accordingly, the differential inhibitory control of synaptic transmission in the two inputs could not be explained by the input-specific differences in the probability of release of GABAcontaining vesicles.
In agreement with a previous study (Szinyei et al., 2000) , there was no significant difference between PPR values observed in the cortical input in response to stimulation with paired stimuli and PPR values obtained when stimulation of the thalamic input with a single stimulus was followed by a single pulse delivered to the cortical pathway (70 ms interstimulus interval; n = 6, t test, p = 0.91). This suggests that cortical and thalamic inputs converge on the same subpopulation of interneurons in the LA.
Strengthening of excitatory glutamatergic inputs to interneurons leads to increased inhibition of principal cells in the LA (Mahanty and Sah, 1998) . This suggests that input-specific differences in excitatory inputs to interneurons would result in different inhibitory drives in convergent pathways. To address this possibility, we obtained recordings of synaptic AMPAR EPSCs from interneurons evoked by stimulation of either cortical or thalamic input in the presence of PTX (100 mM) (Figure 8A ). Recorded cells were identified as interneurons based on the nonaccommodating firing behavior in response to prolonged depolarizing current injection ( Figure 8B ). Consistent with the earlier report (Szinyei et al., 2000) , recorded interneurons always responded to stimulation of both pathways. We directly compared synaptic efficacies at convergent inputs to interneuron by analyzing input-output curves for the AMPAR EPSCs. In these two-input experiments, the EPSCs were evoked in both pathways alternately by presynaptic stimuli of increasing intensity. We observed an increase in the slope of the input-output curves obtained in thalamic input, as compared with those obtained in cortical pathway ( Figure 8C ; n = 5, ANOVA, p < 0.001). Synaptic enhancements in thalamic pathway were not associated with higher basal Pr, as we did not observe differences in paired pulse ratio of the EPSC recorded at a 50 ms interstimulus interval between cortical and thalamic inputs to interneuron ( Figures 8D and 8E , n = 4, t test, p = 0.16).
To explore the mechanisms underlying the enhanced synaptic efficacy in thalamic input to interneurons, we estimated the mean size of unitary EPSCs recorded in LA interneurons in response to stimulation of cortical and thalamic afferents. In these experiments, we employed an approach that relies on minimal stimulation of the presynaptic inputs (Tsvetkov et al., , 2004  see Experimental Procedures for technical details). The mean amplitude of unitary EPSCs (potency) was 19.6 6 2.6 pA (n = 6) and 30.5 6 4.2 pA (n = 6) in cortical and thalamic inputs, respectively, to interneurons (significant difference between two inputs, t test, p < 0.05; Figures 8F and 8G ). The inputs did not differ, however, in the average failure rate of unitary responses (average failure rate: 58.2% 6 5.3%, n = 6; 57.3% 6 8.2%, n = 6; cortical and thalamic inputs, respectively; t test, p = 0.92), confirming that probability of release was similar in both pathways. These findings are consistent with the notion that excitatory drive is stronger in thalamic input to interneurons as compared with excitatory drive in convergent cortical input, and the enhanced synaptic efficacy at thalamic afferents is likely to mediate the observed differences in inhibitory inputs to LA neurons.
LTP at Thalamo-Amygdala Synapses Is Rescued by Weakening Excitatory Inputs to Interneurons
If enhanced synaptic efficacy at glutamatergic inputs to interneurons in thalamo-amygdala pathway mediates the observed input-specific differences in LTP, then LTP in thalamic input should be induced when inhibition is decreased to the level comparable to that at cortical input by depressing excitatory inputs to interneurons. We directly tested this prediction, taking advantage of the finding that AMPARs in glutamatergic inputs to interneurons in the LA do not contain GluR2 subunit and can therefore be selectively blocked by external polyamines (Mahanty and Sah, 1998) . In agreement with this earlier study, addition of synthetic polyamine NHPP-spermine (5 mM) to the external solution resulted in an approximately 2-fold decrease in the amplitude of the disynaptic GABA A R-mediated IPSPs recorded in principal neurons ( Figure 9A ; n = 4; the IPSP was reduced to 43% 6 5% of its baseline value). Consistent with the role of feedforward inhibition in LTP induction, we found that with the presence of NHPP-spermine (5 mM) in the bath solution (without PTX), LTP in thalamic input to the LA was rescued. Under these conditions, the EPSP was potentiated to 142.1% 6 16% (n = 4) (Figures 9B  and 9C ; significantly different from the EPSP amplitude (F) Dependence of the IPSP amplitude on membrane potential when responses were evoked either at cortical (n = 6) or thalamic pathway (n = 6). Values for the graph were obtained by normalizing the peak IPSP amplitude at each membrane potential to the amplitude of the IPSP recorded at 250 mV. Reversal potential of the IPSP was 271.3 6 4.0 mV (n = 6) and 272.1 6 3.7 mV (n = 6) in cortical and thalamic inputs, respectively (no significant difference between inputs, p = 0.89).
when the LTP-inducing protocol was delivered without both PTX and NHPP-spermine in the bath solution, p < 0.04). In addition, we observed significant LTP at the thalamo-amygdala synapses with PTX absent from the bath solution, when the stronger inhibition in thalamic input was counteracted with postsynaptic depolarization to 220 mV during the induction. Forty minutes after LTP-inducing stimulation, the EPSP in thalamic input was potentiated to 135% 6 10% of the baseline value (n = 8; p < 0.04 versus the EPSP amplitude when the LTP-inducing protocol was delivered without PTX and postsynaptic depolarization; Figure S1B ).
Conversely, LTP in cortical input to the LA was blocked when we attempted to induce it in the presence of the GABA A R agonist muscimol (2 mM; Figure 9D ). Under these conditions, the EPSP remained at 96.0% 6 8% of the baseline amplitude 35 min after the LTP-inducing stimulation (n = 5, significantly different from control LTP at the cortico-amygdala synapses, p < 0.02; Figure 9E ). These findings further strengthen the view that input-specific differences in the strength of inhibition could account for the observed spatial specificity of LTP at convergent cortical and thalamic pathways.
Some of our findings differ from the previously published results (Humeau et al., 2005) . Therefore, we have also performed the experiments under conditions identical to those in the study by Humeau et al. (2005) . We tested the induction protocol used in this previous work, which consisted of three EPSPs paired with three APs (with the EPSP-to-AP delay of 4-8 ms) at 30 Hz, repeated 15 times at 0.2 Hz in the presence of PTX. We found that in cortical input, this induction protocol, delivered at 30
C-32 C, resulted in statistically significant potentiation of the EPSP to 126% 6 8% of its baseline amplitude (n = 9, p < 0.05; Figure S1C ). To further replicate the conditions in Humeau et al. (2005) , we have also performed LTP experiments in cortical input with 2 mM Ca 2+ and 1.3 mM Mg 2+ in external solution, using the same induction protocol at 30 C-32 C. Surprisingly, the EPSP was still significantly potentiated to 131% 6 10% of the baseline amplitude (n = 9, p < 0.05; Figure S1D ).
As LTD in thalamic input was not observed with our induction protocol, we have also performed the experiments in which the AP preceded the EPSP by 4-8 ms (''LTD protocol'') under conditions identical to those in the study of Humeau et al. (2005) , including the induction protocol, perfusion temperature (30 C-32 C), and Ca 2+ /Mg 2 ratio. We found that 40 min after the delivery of the AP-EPSP pairing protocol in the presence of PTX, the thalamo-amygdala EPSP remained at 108.8% 6 14% of the baseline amplitude (n = 8, not significantly different from the baseline EPSP amplitude, p = 0.26; Figure S1E ), indicating that LTD was not induced. We found, however, that in slices from 10-to 11-day-old rats, the delivery of the LTD protocol (same as above) led to significant LTD in thalamic input. The EPSP was depressed to 61.8% 6 8.7% of its baseline value (at 35-40 min after the induction, n = 4, significantly different from the baseline EPSP, p < 0.01; Figure S2 ). This indicates that thalamo-amygdala synapses possess the ability to undergo spike-EPSP pairing-induced LTD, but it diminishes with age.
Discussion
Our results provide evidence that spike timing-dependent LTP is induced in both cortical and thalamic (B) Input-output curves for the monosynaptic AMPAR EPSP and disynaptic GABA A R IPSP recorded at convergent cortical and thalamic pathways presented as an IPSP/EPSP index. The IPSP amplitude was normalized by the EPSP amplitude for both pathways in each individual experiment (n = 9). Feedforward IPSP is enhanced in thalamic input when compared with cortical input. The intensity of stimulation at both pathways was gradually increased from the threshold stimulus required to elicit the IPSP, which was determined in each individual experiment, with an increment of 50 mA to produce synaptic responses of increasing amplitude. First points represent responses evoked by the stimuli at the threshold +50 mA. (C) Biphasic synaptic currents recorded at holding potentials of 270 mV to +30 mV in cortical input. (D) Disynaptic GABA A R IPSCs recorded with the cesium-based intrapipette solution at a holding potential of 0 mV. Under these conditions, the AMPAR EPSC did not make a detectable contribution to the evoked response since it was blocked by PTX (50 mM). The IPSC was also blocked by CNQX (20 mM, lower trace), providing evidence of its disynaptic origin. (E) Examples of the GABA A R ISPC pairs induced in cortical input with a 70 ms interstimulus interval. Traces show the average of ten responses. (F) Summary plot of paired pulse ratio (PPR) data for the IPSCs recorded in cortical (n = 17) or thalamic (n = 15) inputs (mean 6 SEM). PPR was calculated by dividing the second IPSC amplitude by the first IPSC amplitude.
pathways when GABA A R-mediated inhibition is blocked. With GABA A R-mediated inhibition present, the EPSP-spike induction protocol does not lead to LTP in thalamic input, while LTP in cortical input, although diminished, can still be induced. The induction of LTP at glutamatergic synapses in different brain regions, including the amygdala, is regulated by the strength of GABA A R-mediated inhibition of principal neurons by interneurons (Steele and Mauk, 1999; Shumyatsky et al., 2002; Bissiere et al., 2003) . Consistent with these previous observations, we found that a stronger inhibitory drive in thalamic pathway (as compared with that in the cortical input) was associated with decreased susceptibility of thalamo-amygdala synapses to spike timing-dependent LTP under conditions of intact inhibition.
These data indicate that spatial specificity of LTP mechanisms in fear conditioning pathways is, at least in part, determined by the differential inhibitory control at convergent synaptic inputs. Spatial specificity of spike timing-dependent LTP in the LA did not result from input-specific differences in basic mechanisms of glutamatergic synaptic transmission, as corticoamygdala and thalamo-amygdala synapses were indistinguishable in their probability of release, quantal size, or relative contribution of NMDARs with different subunit composition to the integral NMDAR synaptic current. Similar to the conventional forms of LTP in the amygdala (Tsvetkov et al., , 2004 , the induction of spike timing-dependent LTP in both auditory inputs to the LA is dependent on postsynaptic Ca 2+ influx through NMDA glutamate receptors (also see Bauer et al., 2002) . Therefore, the stronger inhibitory drive in thalamic pathway may hamper activation of NMDARs and affect the induction of LTP at thalamo-amygdala synapses, thus contributing to pathway specificity of long-term synaptic modifications in fear conditioning circuitry. The time window for induction of LTP in either pathway is narrow, and LTP is only induced when the EPSP onset precedes the AP in postsynaptic neuron by less than 10 ms. Interestingly, the time-locked feedforward IPSP does not control the duration of the time window for the induction of LTP with the EPSP-AP pairing protocol in cortical pathway, as it remains unchanged under conditions of blocked inhibition.
Our data imply that enhanced efficacy of feedforward inhibition in the thalamic pathway, as compared with feedforward inhibition in the cortico-amygdala input, results from a stronger excitatory drive to interneurons in thalamo-amygdala pathway. The enhanced synaptic strength in thalamic input to interneurons was, at least in part, mediated by a larger mean amplitude (i.e. potency) of unitary EPSCs, as compared with that of convergent cortical input, while no difference was observed between inputs in the probability of neurotransmitter release. It is possible that synaptic enhancements in thalamic input are also underlain by either a denser innervation of each given interneuron (which also receives cortical afferents) in this pathway or a larger number of synapses formed on each interneuron by individual axons, while the overall number of afferent fibers activated in each pathway is similar. Alternatively, the observed differences in inhibition could arise from inputspecific activation of the spatially segregated clusters of interneurons. If one of the inputs recruits a larger number of interneurons, this could provide a mechanism of differential inhibitory control of principal neurons. However, we observed cross-interaction between GABA A Rmediated responses in convergent thalamic and cortical inputs, confirming a previously reported finding that both pathways always converge on the same interneurons in the LA (Szinyei et al., 2000) . Enhanced excitatory drive into interneurons in thalamic pathway, as compared with cortical input converging on the same interneurons, would result in an increased probability of spike firing in response to activation of thalamic afferents. Consistent with this, we found that the feedforward GABAergic IPSP is significantly larger in thalamic input, thus preventing the induction of LTP in this pathway when inhibition is not blocked.
The direction and magnitude of synaptic modifications during STDP critically depend on a relative order of the pre-and postsynaptic activation and the time interval between pre-and postsynaptic AP firing (Markram et al., 1997; Sjostrom et al., 2001; Bi and Poo, 2001; Bi and Rubin, 2005) . We found that when the AP precedes the EPSP, the repetitive AP-EPSP pairing does not lead to LTD at naive synapses in either cortical or thalamic pathway. The lack of LTD was observed with a wide range of delays between the postsynaptic (AP) and presynaptic (EPSP) stimuli, both with and without GABA A R-mediated inhibition present. Thus, synapses (1) and during NHPP-spermine-induced depression (2). (B) LTP at thalamo-amygdala pathway induced in the presence of NHPP-spermine (5 mM) by the repetitive EPSP-AP pairing using positive time intervals of +4 to +6 ms between the onset of the EPSP and the AP peak without PTX in the bath solution (n = 4). (C) Summary of LTP experiments. LTP in thalamic input was induced either without (control, n = 5) or with (n = 6; same data as in Figure 1H ) 100 mM PTX and in the presence of spermine (n = 4; mean 6 SEM). (D) Induction of LTP at cortico-amygdala pathway by the repetitive EPSP-AP pairing is prevented in the presence of muscimol (2 mM). Insets show the averages of eight responses recorded under baseline conditions (1) and after pairing (2). (E) Summary of LTP experiments in cortical input as in (D). LTP was induced either under control conditions (control: no PTX, n = 9; same data as in Figure 1D ) or in the presence of muscimol (n = 5; mean 6 SEM).
in afferent inputs to the LA utilize a form of the temporally asymmetric learning rule under which the strength of activated synapses can only be modified when the postsynaptic AP closely follows the synaptic input. The lack of LTD with the ''post-before-pre'' induction protocol in slices from 3-to 5-week-old rats, regardless of the delay duration between the AP and EPSP or frequency of presynaptic stimulation, could reflect a developmental profile of LTD that is shown to be most prominent at early postnatal stages and steeply diminishes with age (Bolshakov and Siegelbaum, 1994) . Consistent with this, we observed significant LTD of the thalamoamygdala EPSP induced with the AP-EPSP pairing protocol in slices from 10-to 11-day-old rats.
Our findings are in contradiction to the results of a recently published study providing evidence that under conditions of blocked inhibition, STDP in mouse brain slices could only be observed in thalamic input to the LA, while cortico-amygdala synapses were not modified by brief periods of coincident pre-and postsynaptic spiking (Humeau et al., 2005) . Moreover, this previous study suggested that pathway specificity of STDP in the amygdala could be explained by morphological and functional differences between dendritic spines contacted by convergent cortical and thalamic afferents. Although our results do not exclude the possibility that under certain conditions, spine-specific mechanisms could contribute to the spatial heterogeneity of LTP, they indicate that spike timing-dependent LTP of identical magnitudes can be induced in either pathway when inhibition is blocked (also see Shumyatsky et al., 2005) . Moreover, in the present study, we observed significant LTP at the cortico-amygdala synapses under the same experimental conditions (LTP induction protocol, perfusion temperature, external Ca 2+ to Mg 2+ ratio) as in Humeau et al. (2005) (see Figure S1 ). The reasons for the inconsistency of results are unclear, although it is still possible that some subtle differences in experimental conditions, which are difficult to account for (e.g., quality of slices or precise placement of stimulation and recording pipettes), could contribute to the discrepancies between the two studies.
It has become increasingly evident that different synapses in a neural circuit of a learned behavior may utilize learning rules that are optimized for specific functions. For example, recordings from single fusiform or cartwheel cells of the dorsal cochlear nucleus in slices of mouse brainstem revealed that synaptic learning rules could vary depending on the type of postsynaptic target (Tzounopoulos et al., 2004) . Glutamatergic inputs to fusiform cells exhibited canonical STDP: the EPSP-AP pairing protocol resulted in LTP, while the AP-EPSP (reversed order) protocol produced LTD of synaptic transmission. In contrast, the EPSP-AP protocol resulted in LTD at inputs to cartwheel cells, while the AP-EPSP protocol did not produce any changes in synaptic strength. A similar learning rule was described at synapses between parallel fibers and Purkinje-like cells of the electrosensory lobe of mormyrid electric fish (Han et al., 2000) . In this study the EPSP-AP protocol also led to LTD of synaptic transmission, while the induction of spikes before the EPSPs failed to induce plasticity. This is consistent with the notion that numerous forms of synaptic plasticity may exist at central synapses to achieve optimal network dynamics required for efficient memory retention.
Together, the reported findings demonstrate spatiotemporal specificity of synaptic plasticity at convergent cortico-amygdala and thalamo-amygdala pathways, conveying to the LA information about the CS from the auditory cortex and auditory thalamus, respectively, during fear learning. This complements a recent study of LTP in auditory inputs to the LA in freely moving rats, which suggested differential roles for thalamic and cortical auditory inputs in long-term fear memory (Doyere et al., 2003) . Our data do not imply, however, that learning-associated synaptic modifications in thalamic input to the LA play a less significant role in fear conditioning than LTP in the cortico-amygdala pathway. According to a previously proposed probabilistic model, computation in neural networks might implicate operations leading to decorrelation of convergent sensory inputs or reduction of redundancy in incoming information (reviewed by Destexhe and Marder, 2004) . Thus, spatial asymmetry of synaptic plasticity could provide an efficient mechanism for reduction of information flow redundancy in two convergent inputs, resulting in the specific output pattern of neurons in the LA. Input-specific differences in LTP mechanisms could also contribute to directionality of the information flow in fear conditioning pathways, providing a means for the CS discrimination during fear memory retrieval.
Experimental Procedures
Amygdala slices (250-300 mm) were prepared from 3-to 5-week-old Sprague-Dawley rats with a vibratome. Slices were continuously superfused in solution containing 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl 2 , 1.0 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 26.0 mM NaHCO 3 , 10 mM glucose, and 0.1 mM PTX (unless noted otherwise) and equilibrated with 95% O 2 and 5% CO 2 (pH 7.3-7.4) at room temperature (22 C-24 C). Whole-cell recordings of compound EPSCs/ EPSPs or IPSCs/IPSPs were obtained from either pyramidal cells or interneurons in the dorsolateral division of the lateral amygdala under visual guidance (DIC/infrared optics) with an EPC-9 amplifier and Pulse v8.40 software (HEKA Elektronik). Synaptic responses were evoked by stimulation of the fibers in either the external capsule (cortical input) or the internal capsule (thalamic input) at 0.05 Hz. The asynchronous EPSCs were recorded under conditions wherein evoked release was desynchronized by substitution of Sr 2+ for extracellular Ca 2+ (Oliet et al., 1996) and analyzed with the Mini Analysis Program (Synaptosoft Inc., Decatur, GA). The patch electrodes (3-5 MU resistance) in all current-clamp experiments contained 120 mM K-gluconate, 5 mM NaCl, 1 mM MgCl 2 , 0.2 mM EGTA, 10 mM HEPES, 2 mM MgATP, and 0.1 mM NaGTP (adjusted to pH 7.2 with KOH). In all voltage-clamp experiments, 120 mM Csmethane-sulfonate was used instead of K-gluconate. Currents were filtered at 1 kHz and digitized at 5 kHz. Unitary EPSCs were evoked by low-intensity current pulses (20-60 mA; 100 ms duration) applied through a fine-tipped (w2 mM), concentric stimulating electrode consisting of a patch pipette that was coated with silver paint . The stimulating pipettes were positioned to activate either cortical or thalamic input to the LA ( Figure S1A ). The recording was used if the mean EPSC amplitude showed a steep all-or-none threshold as a function of stimulating current intensity and if there was no change in potency (i.e. the mean size of responses, excluding failures of synaptic transmission) during double-pulse stimulation with a 50 ms interpulse interval. In all LTP experiments, the stimulus intensity was adjusted to produce synaptic responses with amplitudes that were w20%-25% of the maximum amplitude EPSP. Since we controlled for the size of the baseline EPSP, the induction conditions were identical for all LTP groups. For induction of LTP, 80 presynaptic stimuli were delivered at 2 Hz to either the external capsule fibers (cortical input) or the internal capsule fibers (thalamic input). The EPSPs were paired with APs evoked in a postsynaptic cell with a controlled delay from the onset of each EPSP, as previously described (Shumyatsky et al., 2005) . APs were induced by short depolarizing current injections. Summary LTP graphs were constructed by normalizing data in 60 s epochs to the mean value of the baseline EPSP.
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